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Introduction
As short interspersed elements (SINEs), Alu repeats
are the largest family of mobile genetic elements within the
human genome, having reached a copy number of over
1,000,000 during the past 65 Myr (Batzer and Deininger
2002). Alu elements have achieved this copy number by
duplicating via an RNA intermediate in a process termed
retroposition (Weiner, Deininger, and Efstratiadis 1986).
During retroposition, the RNA copy is reverse transcribed
by target primed reverse transcription (TPRT) and subsequently integrated into the genome (Luan et al. 1993;
Kazazian and Moran 1998; Kajikawa and Okada 2002).
Although unable to retropose autonomously, Alu elements
are thought to borrow the factors that are required for their
amplification from the long interspersed element (LINE)
retrotransposon family (Sinnett et al. 1992; Boeke 1997;
Kajikawa and Okada 2002), which encodes a protein with
endonuclease and reverse transcriptase activity (Feng et al.
1996; Jurka 1997). Full-length Alu elements are approximately 300 bp in length and commonly found in introns,
untranslated regions of genes, and intergenic genomic regions (Deininger and Batzer 1993; Makalowski, Mitchell,
and Labuda 1994).
Phylogenetic studies of Alu elements suggest that
only a small number of Alu elements termed ‘‘master’’ or
source genes are retropositionally competent (Deininger et
al. 1992). Over time, the gradual accumulation of new
mutations within these ‘‘master’’ or source genes created
a hierarchy of Alu subfamilies (Deininger et al. 1992).
Diagnostic mutation sites can be used to classify each
individual element according to subfamily and to stratify
Alu subfamily members based upon age from the oldest
(designated J) to intermediate (S) and youngest (Y) (Batzer
et al. 1996b). Some young Alu subfamilies have amplified
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so recently that they are virtually absent from the genomes
of nonhuman primates (Batzer and Deininger 2002). As
a result of the recent integration of some Alu elements into
the human genome, individual humans may be polymorphic for the presence/absence of the ‘‘young’’ Alu elements at particular genomic loci (Batzer and Deininger
1991; Perna et al. 1992; Batzer et al. 1994). Since the
likelihood of two Alu elements independently inserting
into the same exact location of the genome is extremely
small, and because there are no known biological mechanisms for the specific excision of Alu elements from the
genome, Alu insertions can be considered identical by
descent or homoplasy free characters for the study of
human population genetics (Roy-Engel et al. 2002).
SINE insertion site homoplasy may occur across
distantly related taxa as a function of evolutionary time
and variable retroposition rates within various species and
can limit the application of SINEs to deep evolutionary
questions (Hillis 1999; Cantrell et al. 2001; Roy-Engel et al.
2002). Fortunately, the application of SINE elements to the
study of human population genetics is thought to be
homoplasy-free as a result of the short evolutionary time
frame involved and the current relatively low rate of Alu
retroposition within the human genome (Roy-Engel et al.
2002).
We have previously characterized a large number of
recently integrated Alu elements found in the human
genome that fall in four distinct lineages, termed Ya, Yb,
Yc, and Yd based upon their diagnostic mutations (Carroll
et al. 2001; Roy-Engel et al. 2001; Xing et al. 2003). Here,
we have analyzed 283 members of two newly identified
Alu subfamilies termed Yg6 and Yi6 (Jurka 2000; Jurka et
al. 2002). We have identified several elements that have
been subjected to gene conversion, some that have been
involved in lineage-specific deletions, and several new
Alu insertion polymorphisms that will be useful tools for
the study of the human population genetics. This large
data set allows us to begin to estimate the impact of these
evolutionary processes on the architecture of primate
genomes.
1349

Downloaded from https://academic.oup.com/mbe/article/20/8/1349/1081632 by Louisiana State University user on 08 October 2021

A comprehensive analysis of two Alu Y lineage subfamilies was undertaken to assess Alu-associated genomic diversity
and identify new Alu insertion polymorphisms for the study of human population genetics. Recently integrated Alu
elements (283) from the Yg6 and Yi6 subfamilies were analyzed by polymerase chain reaction (PCR), and 25 of the loci
analyzed were polymorphic for insertion presence/absence within the genomes of a diverse array of human populations.
These newly identified Alu insertion polymorphisms will be useful tools for the study of human genomic diversity. Our
screening of the Alu insertion loci also resulted in the recovery of several ‘‘young’’ Alu elements that resided at
orthologous positions in nonhuman primate genomes. Sequence analysis demonstrated these ‘‘young’’ Alu insertions
were the products of gene conversion events of older, preexisting Alu elements or independent parallel forward insertions
of older Alu elements in the same short genomic region. The level of gene conversion between Alu elements suggests
that it may have an influence on the single nucleotide polymorphism within Alu elements in the genome. We have also
identified two genomic deletions associated with the retroposition and insertion of Alu Y lineage elements into the
human genome. This type of Alu retroposition–mediated genomic deletion is a novel source of lineage-specific evolution
within primate genomes.
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Materials and Methods
Computational Analyses

DNA Samples
Diverse human DNA samples were available from
previous studies (Roy et al. 1999; Carroll et al. 2001; RoyEngel et al. 2001). Additional human DNA samples from
South America (human diversity panels HD 17 and 18) that
contained individuals from the Andes, Brazil, Guyana, and
Venezuela were purchased from the Coriell Institute for
Medical Research, Camden, N.J. The cell lines used to
isolate DNA samples were as follows: chimpanzee (Pan
troglodytes) WES (ATCC CRL1609); lowland gorilla
(Gorilla gorilla) Coriell AG05251B, Ggo-1 (primary
gorilla fibroblasts) provided by Dr. Stephen J. O’Brien,
National Cancer Institute, Frederick, Md.; bonobo (Pan
pansicus) Coriell AG05253A; orangutan (Pongo pygmaeus) ATCC CRL6301; green monkey (Cercopithecus
aethiops) ATCC CCL70 (Old World monkey); and owl
monkey (Aotus trivirgatus) ATCC CRL 1556 (New World
monkey). Cell lines were maintained as directed by the
source, and DNA isolations were performed using Wizard

PCR Amplification
PCR amplification of 244 individual Alu Yg6 and Alu
Yi6 subfamily members was carried out in 25 ll reactions
containing 20 to 100 ng of template DNA, 40 pM of each
oligonucleotide primer (shown in tables 1 and 2 of
Supplementary Material online), 200 lM dNTPs, in 50
mM KCl, 1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.4), and
Taq DNA polymerase (1.25 units). Each sample was
subjected to the following amplification for 32 cycles: an
initial denaturation of 150 s at 948C, 1 min denaturation at
948C, 1 min at the annealing temperature (specific for each
locus), and extension at 728C for one min. After the cycles,
a final extension was performed at 728C for 10 min. For
analysis, 20 ll of each sample was fractionated on a 2%
agarose gel with 0.05 lg/ml ethidium bromide. PCR products were directly visualized using UV fluorescence.
Phylogenetic analysis of all the ascertained Alu elements
was determined by PCR amplification of nonhuman primate
DNA samples. The human genomic diversity associated
with each Alu element was determined by the amplification
of 20 individuals from each of four populations (African
American, Asian, European, and South American).
Sequence Analysis
DNA sequencing was performed on gel-purified PCR
products that had been cloned using the TOPO TA cloning
vector (Invitrogen) and chain termination sequencing
(Sanger, Nicklen, and Coulson 1977) on an Applied
Biosystems 3100 automated DNA sequencer. The sequence of the nonhuman primate Yi6AH41, Yg6AH42,
Yg6AH79, Yi6AH79, Yi6AH55, Yi6AH121, Yi6AH36,
Yi6AH46, Yi6AH87, Yg6AH77, and Yg6AH134 ortholog loci have been assigned GenBank accession numbers
AY190763 to AY190817 and AY219790 to AY219800.
Sequence alignments for all of the Yg6 and Yi6 subfamily
members were performed using MegAlign software
(DNAStar version 3.1.7 for Windows 3.2). The ages of
the Alu Yg6 and Yi6 subfamilies were calculated as
previously described (Batzer et al. 1990; Batzer et al.
1995; Carroll et al. 2001; Roy-Engel et al. 2001). Multiple
sequence alignments that contain all of the members of the
Yg6 and Yi6 subfamilies can be found on the journal’s
Web site as Supplementary Material and on our Web site
(http://batzerlab.lsu.edu) under publications.
Results
Alu Yg6 and Yi6 Sequence Analysis
To identify Alu Yg6 and Yi6 elements recently
inserted into the human genome, we searched the draft
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Alu Yg and Yi elements were identified from the draft
sequence of the human genome (August 6, 2001, UCSC
GoldenPath assembly) using Basic Local Alignment
Search Tool (Blast) (Altschul et al. 1990) queries of
the draft sequence to identify exact complements to the
oligonucleotides 59-ATGGTGGCGCGCGCCTGTAGTCCCAGCTACA-39and 59-TGCGCCACTGCACTCCCGCCTGGGCC-39 that are diagnostic for the Alu Yg and
Yi lineages (respectively) as shown in figure 1. Using this
approach, we identified 160 Yg insertion elements (141 of
which were unique) that shared six diagnostic base positions and composed the Alu Yg6 subfamily. We also
screened and found 123 elements (104 of which were
unique) that shared six diagnostic base positions that
compose the Alu Yi6 subfamily. All of the exact complements to the oligonucleotide queries, along with 1,000 bp
of adjacent flanking unique DNA sequence, were excised
and stored as unique files and subjected to additional
analysis as outlined previously (Roy et al. 1999; Carroll
et al. 2001; Roy-Engel et al. 2001). A complete list of all the
Alu elements identified in the searches is available as online
Supplementary Material at the journal’s Web site and on
our Web site (http://batzerlab.lsu.edu) under publications.
PCR primers for each Alu repeat were designed
from flanking unique DNA sequences adjacent to individual Yg6 and Yi6 Alu elements using the Primer3 software (Whitehead Institute for Biomedical Research,
Cambridge, Mass.) (http://www.genome.wi.mit.edu/cgi-bin/
primer/primer3_www.cgi). The resultant PCR primers were
screened against the GenBank nonredundant database for
the presence of repetitive elements using the BLAST
program, and primers that resided within known repetitive
elements were discarded and new primers were designed.
The sequences of the oligonucleotide primers, annealing
temperatures, PCR product sizes, and chromosomal
locations for all Yg6 and Yi6 elements are shown in
tables 1 and 2 of Supplementary Material online and can
be found on our Web site (http://batzerlab.lsu.edu).

genomic DNA purification (Promega). Additional nonhuman primate DNA samples (Pan troglodytes, Pan
paniscus, Gorilla gorilla, Pongo pygmaeus, Macaca
mulatta [Old World monkey], Macaca nemestrina [Old
World monkey], Saguinus labiatus [New World monkey],
Lagothrix lagotricha [New World monkey], Ateles geoffroyi [New World monkey] and Lemur catta [prosimian])
were acquired as a primate phylogenetic panel (PRP00001)
from the Coriell Institute for Medical Research.

Recently Integrated Alu Elements 1351

sequence of the human genome (database version: BlastN
2.2.1 [April 13, 2001]) using Blast (Altschul et al. 1990)
for the presence of Alu repeats using oligonucleotide sequences complementary to each of the subfamilies (outlined in Materials and Methods). We identified 160 Alu
Yg6 elements (141 have all six diagnostic mutations, and
the rest have five of the six diagnostic mutations of the
subfamily) and 123 Alu Yi6 elements (104 have all six
diagnostic mutations of the subfamily and 19 elements
have either three, four, or five diagnostic mutations) from
2.868 3 109 bp of available human draft genomic sequence.
Extrapolating this number to the actual size of the human
genome (3.162 3 109 bp), we estimate that these Alu
subfamilies contain about 176 and 136 elements for the
Yg6 and Yi6 subfamilies, respectively.
To estimate the average ages for the Yg6 and Yi6 Alu
subfamilies, we compared the individual Alu repeats with
their respective subfamily consensus sequences and calculated the mutation density (from all the subfamily members) and used a neutral rate of evolution to estimate the
average subfamily ages as previously described in detail
(Carroll et al. 2001). For this analysis we divided the
nucleotide substitutions within the elements in each family
into those that occurred at CpG dinucleotides and those
that occurred at non-CpG nucleotides. The distinction between types of mutations is made because the CpG dinucleotides mutate at a rate that is about 10 times faster
than non-CpG positions (Labuda and Striker 1989; Batzer
et al. 1990) as a result of the deamination of 5-methylcytosine (Bird 1980). In addition, all insertions, deletions,
and 59 truncations were excluded from our calculations.
We also excluded Alu elements that did not have all the
subfamily-specific diagnostic mutations from the analysis
because these Alu elements are largely products of gene

conversion events involving older preexisting Alu elements and their inclusion in the analysis would artificially
inflate the subfamily age estimates. A total of 130 nonCpG and 161 CpG mutations occurred within the 134 Alu
Yg6 subfamily members used in this analysis. For the 96
Alu Yi6 subfamily members analyzed, a total of 183 nonCpG and 149 CpG mutations were observed. Using
a neutral rate of evolution for primate intervening DNA
sequences of 0.15% per Myr (Miyamoto, Slightom, and
Goodman 1987) and the non-CpG mutation density (number of non-CpG mutations divided by the total number of
non-CpG bases in the analyzed sequences) of 0.42 % (130/
30,820) within the 134 Yg6 Alu elements yields an estimated age of 2.81 Myr for the Yg6 subfamily members.
Using only non-CpG mutations in the 96 AluYi6 sequences yields a mutation density of 0.81% (183/22,656)
and age estimate of 5.39 Myr old for the Yi6 subfamily.
We can also estimate the ages of each Alu subfamily
using CpG-based mutations. The only difference in the
estimate is to multiply the CpG mutation density by
a mutation rate that is approximately 10 times the non-CpG
rate, as previously described (Labuda and Striker 1989;
Batzer et al. 1990). In this case, we calculate an average
CpG mutation density for the Yg6 subfamily (161
mutations/ 6,700 total CpG bases) of 2.40% and an average
CpG mutation density for the Yi6 subfamily (149
mutations/ 4,416 total CpG bases) of 3.49%. Using a neutral
rate of evolution for CpG-based sequences of 1.5%/Myr
yields average age estimates of 1.65 and 2.30 Myr old for
the Yg6 and Yi6 Alu subfamilies, respectively. If we
assume a linear rate of expansion for these Alu subfamilies,
then the oldest elements would be approximately two times
the average ages with an initial expansion of these Alu
subfamilies 3.3 to 4.6 MYA. Thus, both estimates are
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FIG. 1.—Sequence alignment of Alu Yg6 and AluYi6 subfamilies. The consensus sequence for the Alu Y subfamily is shown at the top. The
sequences of the Alu Yg6 and Alu Yi6 subfamilies are shown below. The dots below represent the same nucleotides as the consensus sequence.
Mutations are shown as the correct base (red) for each of the subfamilies. Each of the newer subfamilies such as Yg6 or Yi6 have all of the mutations of
the ancestral Alu Y elements along with six additional mutations that are diagnostic for the particular Alu subfamily. The Yi6.1 subfamily has a T
instead of C at the position denoted in purple, Yi6.2 has T instead of C (marked in green), and Yi6.3 has T instead of G (marked in brown) as compared
with the Alu Y consensus.
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Table 1
Alu Yg6 and Yi6 Endonuclease Sites
Sites

Alu Yg6

Alu Yi6

Total

61
21
11
10
9
3
6
3
3
2
3
2
2
1
1
1
0

34
29
14
10
10
5
1
4
1
2
1
0
0
1
1
1
One each

95
50
25
20
19
8
7
7
4
4
4
2
2
2
2
2
8

One each

0

9

consistent with the initiation of the expansion of the Yg6
and Yi6 Alu subfamilies that is roughly coincident with the
divergence of humans and African apes, which is thought
to have occurred 4 to 6 MYA. The average age estimates
for mobile elements based upon CpG mutation density are
typically more accurate than the non-CpG–based estimates
because they are less likely to be influenced by sequencing
errors as a result of the smaller number of total bases that
are sequenced and utilized to generate the CpG-based age
estimates (Roy-Engel et al. 2002).
The Yi6 subfamily gave rise to three new derivative
Alu subfamilies termed Yi6.1 (21 members), Yi6.2 (57
members), and Yi6.3 (16 members) that have the six
diagnostic mutations of Yi6 subfamily in addition to new
subfamily-specific mutations (fig. 1). The estimated age of
these newly identified Alu subfamilies are 5.02, 2.56, and
2.26 Myr using the non-CpG mutation density, and 2.39,
2.04, and 1.46 Myr based upon the CpG mutation density,
respectively.
One hallmark of the integration of an Alu repeat into
the genome is the generation of target site duplications
flanking newly integrated elements. Of the 283 elements
examined, we were able to identify clear target site
duplications for 270 elements. The direct repeats of the
individual elements range in size from 9 to 21 nt. These
types of direct repeats are fairly typical of recently integrated
Alu family members (Batzer et al. 1990; Jurka 1997).
We also predicted the endonuclease cleavage sites for
the 270 Alu insertions that had clear target site duplications. A complete list of endonuclease cleavage sites is
shown in table 1. All but four of the predicted endonuclease sites matched cleavage sites previously reported
(Feng et al. 1996; Jurka 1997; Cost and Boeke 1998). The
four previously undefined sites may be attributed to
a nonstringent or ‘‘relaxed’’ human endonuclease with
less specificity (Kajikawa and Okada 2002). Alternatively,
these four Alu insertions may be the products of

Phylogenetic Origin
To determine the phylogenetic time of origin of each
Alu subfamily member (Yi6 and Yg6) in the primate
lineage, we amplified a series of human and nonhuman
primate DNA samples using the polymerase chain reaction
(PCR) and the oligonucleotide primers shown in tables 1
and 2 of Supplementary Material online. Most of the 160
Yg6 Alu family members were absent from nonhuman
primate genomes. However, four Alu elements
(Yg6AH42, Yg6AH77, Yg6AH79, and Yg6AH134) had
PCR amplification patterns that were unanticipated (PCR
products about the size of an Alu-filled site in the
nonhuman primate genomes), suggesting that these
elements had retroposed much earlier in primate evolution
than we suspected (fig. 2). In the Yi6 subfamily, 123
elements were assayed and only seven loci had larger PCR
products in humans and Old World monkeys (Yi6AH41),
owl monkey (Yi6AH79), great apes (Yi6AH36, Yi6AH46,
and Yi6AH87), or all the nonhuman primates tested
(Yi6AH55 and Yi6AH121), suggesting either the selective
loss of the Alu repeat in some nonhuman primates, parallel
independent insertion of Alu elements in multiple primate
genomes, or that the insertion of some of the Alu elements
predated the radiation of humans and nonhuman primates.
Interestingly, the Alu YiAH36 element was present in the
human and chimpanzee genomes and absent from the
genomes of gorillas and other more evolutionarily distant
primates. The results of the PCR-based phylogenetic
analysis of orthologous loci are shown in table 2. Detailed
sequence analysis of all of these unusual Alu elements
indicated that three types of events had occurred: (1) gene
conversions of older preexisting Alu elements by an
element belonging to a different Alu subfamily, (2) parallel
independent insertion of different Alu elements in very
close, but not identical, genomic locations, or (3) Alumediated deletions of the human genomic sequence during
retroposition (as outlined below).
Alu Gene Conversion Events
Gene conversion between Alu elements exerts
a significant influence on the accumulation of single

Downloaded from https://academic.oup.com/mbe/article/20/8/1349/1081632 by Louisiana State University user on 08 October 2021

TTTT/A
TCTT/A
TTTT/G
CTTT/A
TTCT/A
TCTT/G
TTTT/C
TTTC/A
ATTT/C
TGTT/A
TTTT/T
CTTT/C
GATT/A
TATT/A
TCCT/A
TTCT/G
TTCC/C, TCTG/T, GTTT/G,
CTTT/T, ATTC/A, AGTT/A,
TCTC/A, CTCT/A
TTTA/A, TTCT/C, GCTA/G,
GCTT/C, TTTA/T, CTTT/G,
AAAA/T, ATTC/T, ATTT/A

endonuclease independent insertion as part of double
stranded DNA break repair similar to that previously
reported for LINE elements (Morrish et al. 2002).
The appearance of 59 truncations within a number of
the Alu elements (24 elements, which is about 8.5% of the
total) presumably occurred as a result of incomplete reverse
transcription or improper integration into the genome rather
than by postintegration instability. All of the Yi6 and Yg6
Alu family members analyzed have oligo-dA–rich tails,
except one element Yg6AH116 that has both a 59 and 39
truncation, of 5 to 50 nt in length. The 39 oligo-dA–rich
tails of many of the elements have accumulated random
mutations, beginning the process of the formation of simple
sequence repeats of varied complexity. The oligo-dA–rich
tails and middle A-rich regions of Alu elements have
previously been shown to serve as nuclei for the genesis of
simple sequence repeats (Arcot et al. 1995).
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nucleotide polymorphism within the human genome (Roy
et al. 2000; Batzer and Deininger 2002). We identified two
Alu Yi6 subfamily members (Yi6AH121 and Yi6AH55)
that appeared to have been subjected to partial gene
conversion at their 39 ends. Alu Yi6AH121 contains four
mutations that are diagnostic for the Yi6 subfamily and six
mutations that are diagnostic for the Sx subfamily. Several
nonhuman primates that were sequenced had diagnostic
mutations for the Alu Sx subfamily only. Interestingly, in
the owl and woolly monkey genomes, we found an
insertion of another Alu Sg element within an Alu Sx
subfamily member. AluYi6AH55 has four mutations that
are diagnostic for theYi6 subfamily, whereas none of the
nonhuman primates that were sequenced contained these
mutations. Each of these gene conversions involved sequence exchanges in short contiguous sequences, suggesting that they were products of gene conversion rather than
a series of homoplasic point mutations. Another three Alucontaining loci were involved in full gene conversion
events, (Yg6AH42, Yg6AH79, and Yg6AH134). In these
cases, the orthologous Alu elements have similar flanking
sequences and direct repeats, although they are not precisely identical due to the random mutations that
accumulated over time. DNA sequence analysis of these

loci showed that the Alu element present in the Yg6AH42containing and Yg6AH79-containing loci of all the
nonhuman primates belonged to the Alu Sq subfamily
and to the Alu Y subfamily in the case of Yg6AH134. This
suggests that the gene conversion of older preexisting Alu
elements from the Sq or Y subfamilies to Alu Yg6 subfamily members in the human genome took place after the
radiation of humans from other African Apes, which is
thought to have occurred 4 to 6 MYA (Miyamoto,
Slightom, and Goodman 1987).

Alu Retroposition–Mediated Genomic Deletions
We have also identified two deletions of part of the
human genome associated with an Alu retroposition. These
deletions were identified in loci Yg6AH42 and Yg6AH77.
In the case of Yg6AH42, the deletion was also associated
with a gene conversion and involved 68 bp of the 39
flanking region (fig. 3). For Alu Yg6AH77, the Alu element
replaced about 300 bp of the genomic sequence that was
identified in the nonhuman primate genomes. Based on our
data, we estimate the frequency of Alu retroposition
mediated deletions of approximately 0.82% (2/244).
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FIG. 2.—Gene conversion and parallel independent insertion of Alu repeats. A schematic of the primate evolutionary tree is shown on the left.
Estimated evolutionary time periods between the different primate speciation events are indicated on the left in Myr (Goodman et al. 1998). A dark red
star denotes the potential time period for the insertion of Alu Yi6AH41 and Alu Yi6AH79. Yellow arrowheads denote arbitrary examples of the time
period between the parallel independent insertion events recovered from Old World monkey genomes. Green arrows represent arbitrary time periods for
the parallel independent insertion of Alu elements in the owl monkey genome. PCR amplification of selected loci in different nonhuman primates
resulted in the recovery of three types of events: gene conversion shown in C, E, and F, independent insertion within the same locus shown in A and B,
and Alu retroposition–mediated deletions shown in C and D. The lanes are 1, human; 2, pygmy chimpanzee; 3, common chimpanzee; 4, gorilla; 5,
orangutan; 6, gibbon; 7, siamang; 8, green monkey; 9, macaque; 10, rhesus monkey; 11, baboon; 12, negative control; 13, spider monkey; 14, woolly
monkey; 15, tamarin; 16, owl monkey; M, molecular marker.
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Table 2
PCR Analysis of Orthologous Loci for the Presence or Absence of Alu Inserts
Alu Element

Human

Pygmy Chimpanzee

Common Chimpanzee

Gorilla

Orangutan

Green Monkey

Owl Monkey

Types

Yg6AH42
Yg6AH79
Yg6AH134
Yi6AH41
Yi6AH79

þ(Yg6)
þ(Yg6)
þ(Yg6)
þ(Yi6)
þ(Yi6)

þ(Sq)
þ(Sq)
þ(Y)
—
—

þ(Sq)
þ(Sq)
þ(Y)
—
—

þ(Sq)
þ(Sq)
þ(Y)
—
—

þ(Sq)
þ(Sq)
0
—
—

0
0
0
þ(Y)
0

0
Sq
0
0
þ(Sc)

GCþdeletion
GC
GC
Ind
Ind

Total analyzed

283

176

159

158

170

80

60

Parallel Alu Insertions and Amplification Rates
We have also identified two parallel independent Alu
insertion events into the same genomic region. One
parallel Alu insertion was present in all the Old World
monkey genomes tested (green monkey, macaque, rhesus,
and baboon), within the same locus where an Alu Yi6
element was located in the human genome. This suggests
that the parallel insertion occurred sometime after the
divergence of humans from Old World monkeys, but
before the radiation of the Old World monkeys. The
second parallel Alu insertion involved the Yi6AH79 locus
and was only found in a single nonhuman primate, the owl
monkey genome. The Alu elements present in the Old
World monkey and owl monkey genomes belong to AluY
and Alu Sc subfamilies, respectively. The insertion sites
for each of these events were not identical to the human
insertion site and were localized 3 bp upstream of the
human insertion site in the case of Alu Yi6AH41 (fig. 4)
and 4 bp upstream of the human insertion site and inverted
orientation for Alu Yi6AH79. Although the integration
sites were not identical, we will continue to refer to them
as parallel insertions since the Alu elements independently
integrated within the same 100-bp region of the nonhuman
primate genomes. Previously, we have reported four cases
of independent Alu insertion in the owl monkey genome
(Roy-Engel et al. 2002; Xing et al. 2003). These are the
first reported cases of the independent insertion of an Alu
repeat in the Old World monkey lineage.
To estimate the parallel insertion rate in Old World
monkey genomes, we used the number of loci analyzed in
Old World monkeys (80) and multiplied it by the time
elapsed after the radiation of Old World monkeys (25 Myr),
giving us a rate of one event per 2,000 million insert site
years. To compare it with other primates with no
independent insertions detected, we added all of their
individual rates. We used the ages indicated in figure 2 and
the successful orthologous PCR amplifications in table 2
for each of the different primates: (283 3 5) þ (176 3 5) þ
(159 3 5) þ (158 3 5) þ (170 3 5) ¼ 4,730 million insert site
years. Therefore, the Old World monkey rate of parallel
Alu insertion is about 2.4 (4,730/2,000) times faster than
the sum of all the rates of other nonhuman primates. The
frequency of occurrence of independent insertions in Old
World monkeys can be estimated as one event out of 80
successful PCR amplifications (table 2) or 1.25%. The size
of the target site tested in our PCR assay is approximately
200 bp; making the total amount of genomic DNA screened
16,000 bp. If we assume that the target site for integration

of Alu elements is random, we expect to detect one new
insertion in every 16,000 bases. However, Alu elements do
not insert completely random, but rather appear to have
a site preference for locally A þ T rich regions (Jurka
1997), adding a degree of uncertainty to the estimate.
Human Genomic Diversity
To determine the human genomic variation associated
with each of the Yg6 and Yi6 Alu subfamily members,
each element was subjected to PCR amplification using
a panel of human DNA samples as templates. The panel
was composed of 20 individuals of European origin, 20
African Americans, 20 Asians and 20 South Americans for
a total of 80 individuals (160 chromosomes). Using this
approach, 125 Alu Yg6 and 94 AluYi6 subfamily
members were monomorphic for the presence of the Alu
element, suggesting that these elements integrated in the
genome before the radiation of humans. A total of eight
Yg6 and Yi6 Alu family members were inserted in other
previously unidentified repeated sequences and were not
amenable to PCR analysis as a result of paralogous
amplification. An additional 31 elements were located in
other repetitive regions of the genome that were identified
computationally and discarded from further analysis. The
remaining elements were polymorphic for the presence of
an Alu repeat within the genomes of the test panel
individuals (summarized in table 3). Autosomal loci that
were polymorphic for the presence/absence of individual
Alu insertions were subsequently classified as high, low,
or intermediate frequency insertion polymorphisms (tables
4 and 5) with sex-linked polymorphisms shown in table 6.
The unbiased heterozygosity values for these Alu insertion
polymorphisms were variable and approached the theoretical maximum of 50% in several cases. This suggests that
many of these Alu insertion polymorphisms will make
excellent markers for the study of human population
genetics. Approximately 10.7% (15/140) of the Yg6 and
9.6 % (10/104) of the Yi6 Alu family members were
polymorphic for insertion presence/absence within diverse
human genomes. In addition, we identified three X chromosome Alu elements that were polymorphic (table 6).
Discussion
The Alu Yg6 and Yi6 subfamilies are characterized
by a series of distinct diagnostic mutations, and they both
have relatively small copy numbers within the human
genome. Some members of each of the subfamilies are
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NOTE.— þ, PCR product indicates presence of an Alu insert; —, small PCR product indicates absence of an Alu insert; 0, no PCR product of the locus was observed,
GC indicates gene conversion; Ind indicates independent insertion.
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polymorphic with respect to insertion presence/absence in
the human genome. This suggests that each subfamily has
been generated by ‘‘master’’ or source Alu elements that
were capable of retroposition within the human lineage
over the past 4 to 6 Myr since the divergence of humans
and African apes. However, the proportion of polymorphic
elements within each of the subfamilies is quite low, with
only 9.6% of the Yi6 elements and 10.7% of the Yg6
elements being polymorphic. By contrast, many other
young Alu subfamilies have levels of insertion polymorphism in excess of 20% (Batzer and Deininger 2002).
Therefore, the amplification of these Alu subfamilies
within the human genome has occurred at a very low rate

and may have recently ceased entirely. The reason for the
low level of retroposition within these Alu subfamilies is
unknown, although the current amplification rate of Alu
elements has decreased by several orders of magnitude
from its peak 35 to 60 MYA (Shen, Batzer, and Deininger
1991). Several reasons have been proposed for reduction
of Alu retroposition, including altered transcription, Alu
RNA secondary structure, or reduced TPRT ability
(Deininger and Batzer 1999).
The estimated average ages of 1.65 and 2.30 Myr for
the Alu Yg6 and Yi6 subfamilies are consistent with their
relatively recent origin in primate genomes. Assuming
a linear rate of amplification the oldest members of the Alu
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FIG. 3.—Sequence alignment of the Yg6AH42 loci in different primates. (A) The human sequence of the Yi6AH42 locus is shown on the top line.
Nucleotide substitutions at each position are indicated with the appropriate nucleotide. Deletions are marked by dashes (–). The subfamily of the Alu
element present in each nonhuman primate species is indicated in parenthesis. The flanking unique sequence regions are colored in red, and the Alu
element is shown in blue. The corresponding sequence of the region deleted in humans is shown in green. (B) The bottom part of the figure shows an
agarose gel chromatograph of a phylogenetic PCR analysis with schematic diagram depicting the 68-bp deletion of human sequence during an Alumediated gene conversion.
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Yg6 and Yi6 subfamilies would be twice the average age
of each group or 3.3 and 4.6 Myr, respectively. Therefore,
the estimated ages for the Alu Yg6 and Alu Yi6
subfamilies are in good agreement with what would be
expected for groups of Alu repeats that are largely
restricted to the human genome and absent from nonhuman primate genomes, since human and nonhuman
primates are thought to have diverged from each other 4 to
6 MYA (Miyamoto, Slightom, and Goodman 1987;
Stewart and Disotell 1998).
Several members of the Alu Yg6 and Yi6 subfamilies
were polymorphic for insertion presence/absence in
diverse human genomes. Alu insertion polymorphisms

have proved useful in a number of studies of human
population genetics (Perna et al. 1992; Batzer et al. 1994;
Hammer 1994; Batzer et al. 1996a; Stoneking et al. 1997;
Novick et al. 1998; Comas et al. 2000; Jorde et al. 2000;
Bamshad et al. 2001; Nasidze et al. 2001; Watkins et al.
2001; Battilana et al. 2002; Romualdi et al. 2002;
Bamshad et al. 2003). Individual Alu insertion polymorphisms are useful tools for the study of human
population genetics since the Alu alleles are generally
thought to be reliable, homoplasy-free characters (RoyEngel et al. 2002) with a known ancestral state (Perna et al.
1992; Batzer et al. 1994). In addition, there is no known
mechanism for the site-specific deletion of Alu insertions
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FIG. 4.—Parallel independent Alu insertions at the Yi6AH41 locus. The upper portion of this figure shows a schematic diagram of the parallel
insertion of Alu Yi6AH41 in the human genome and an Alu Y subfamily member that occurred in the Old World monkey lineage 3 bp upstream of
human insertion site. The schematic shows the insertion of the Yi6 Alu and an Alu Y element in the same orientation. The bottom part of the figure
shows an agarose gel chromatograph of a phylogenetic analysis of the locus with a tree of primate evolution superimposed on it. The human genome
that was assayed for the presence of Alu Yi6AH41 was fixed for the presence of this Alu element. All of the other nonhuman primate genomes do not
contain an Alu element within this 150–bp region, aside from the Old World monkey genomes. The red star denotes the approximate time in primate
evolution when the insertion of the Alu Yi6 element in this locus may have occurred. The parallel insertion of the Alu Y subfamily member may have
occurred at any point in time since the divergence of humans from Old World monkeys as denoted by the yellow arrows.
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Table 3
Summary of Alu Yg6 and Yi6 Analyses
Alu Yg6

Alu Yi6

Loci analyzed by PCR
Fixed
High frequency
Intermediate frequency
Low frequency
Total polymorphic
Paralog

140
125
2
9
4
15
2

104
94
0
8
2
10
6

Loci not analyzed by PCR
Inserted in repeats
Total elements analyzed

18
160

13
123

process resulting in the production of small gene conversion tracts.
Genomic deletions created upon LINE-1 retrotransposition using cell culture assays have been recently
identified (Gilbert, Lutz-Prigge, and Moran 2002). The rate
of LINE element deletion was estimated indirectly in the
human genome to be about 3% (Kazazian and Goodier
2002; Myers et al. 2002). However, the precise molecular
mechanism of the LINE-mediated genomic deletions is still
unclear. Recently, an Alu-mediated deletion that resulted in
the inactivation of the human CMP-N-acetylneuraminic
acid hydroxylase gene has been identified (Hayakawa et al.
2001). The deletion of the human CMP-N-acetylneuraminic acid hydroxylase gene involved about 478 bp,
including a 92-bp exon along with the replacement of an
Alu Sq element in nonhuman primates with an AluY
element in the human lineage (Hayakawa et al. 2001). Here
we report two new examples of Alu retroposition–mediated
deletions that may have been performed by a mechanism
similar to that of the LINE element–mediated genomic
deletions since Alu and L1 elements utilize a common
mobilization pathway (Boeke 1997; Batzer and Deininger
2002; Kajikawa and Okada 2002).
In the first case, Alu Yg6AH42, the deletion appears
to have occurred during the process of gene conversion
similar to the lineage-specific Alu deletion reported previously (Hayakawa et al. 2001). In the second case, Alu
Yg6AH77, two scenarios for the deletion can be envisioned. In the first scenario, the deletion would have
occurred before the Alu insertion as a result of doublestranded DNA break repair since this element has no direct
repeats (a hallmark of LINE element–mediated, endonuclease-independent, double-stranded DNA break repair)
(Morrish et al. 2002). In the second scenario, the deletion
would have occurred during the integration of the Alu
element in the genome, possibly during TPRT, suggesting
a new role for Alu elements in creating human genomic
diversity.
Here, we have estimated the frequency of Alu
retroposition associated genomic deletions of approximately 0.82%. New Alu integrations have been estimated
to occur in vivo at a frequency of one new event in every
10 to 200 births (Deininger and Batzer 1999). If sizable
deletions accompany one in every 100 new Alu retroposition events in vivo, the impact on genomic evolution
could be substantial. This is not a trivial number of
deletions when extrapolated to the copy number of Alu
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from the genome (Perna et al. 1992; Batzer et al. 1994).
Therefore, detailed studies of the human variation associated with the newly identified Alu insertion polymorphisms reported here should prove useful for human
population genetics and forensic genomics.
Our data have several implications for Alu insertion
and postintegration sequence evolution. First, they support
the ‘‘master’’ or limited amplification model (Deininger et
al. 1992). This model posits that most Alu copies present in
the human genome arose from a few active copies and that
different subfamilies were active at different evolutionary
periods. Therefore, Alu subfamilies that are active after the
radiation of two species should generate new copies at
specific loci that are not shared between primate species. In
our analysis, only three elements from the AluYi6 subfamily
were recovered in pygmy chimpanzee and common
chimpanzee genomes, with two of these three elements also
present in the gorilla genome. These data are also in good
agreement with our age estimates for these Alu subfamilies.
The rest of our ‘‘PCR positives’’ from nonhuman primate
genomes were either gene conversion events (with or
without a deletion), the products of parallel, independent
Alu insertions or Alu retoposition associated genomic
deletions. Secondly, these data suggest that newly integrated
Alu elements are stable integrations within primate genomes
and that they are identical by descent. In our study, only two
out of 283 loci analyzed contained parallel independent Alu
insertions. The rate of parallel Alu insertion events is
extremely low when considering the number of loci
analyzed and the full length of the evolutionary tree of
6,730 million insert years. Within great apes, we have
assayed hundred of sites with a combined total of over 4,730
Myr of site evolution without detecting any parallel Alu
insertion events. This represents having sampled across 315
genomic sites analyzed with an average of 15 Myr of
evolution per site. Based on this number, if we assume
humans diverged from one another as far back as 1 MYA,
we would expect to see less than one parallel insertion
event per locus in a diverse population of over 4,730
individuals. This estimate is somewhat larger than that
published previously (Roy-Engel et al. 2002), however the
probability of detecting parallel independent Alu insertions in the human population is still extremely low. Therefore, we conclude that Alu insertion polymorphisms are
largely homoplasy-free characters for the study of human
evolution.
Gene conversion between Alu repeats has been
reported previously (Maeda et al. 1988; Kass, Batzer,
and Deininger 1995; Roy-Engel et al. 2002). Here, we
have identified and characterized three forward gene conversion events after screening 283 independent Alu-containing loci within the human genome. Based on an
examination of low copy number transgenes in the mouse,
it has been suggested that the germline recombination
machinery in mammals has been evolved to prevent high
levels of ectopic recombination between repetitive sequences (Cooper, Schimenti, and Schimenti 1998). It is
quite possible that the high copy number of Alu elements
allows for pairing between the homologous regions of
different Alu elements initiating the start of gene conversion before cellular control systems can terminate the
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Table 4
AluYg6 Subfamily Autosomal Allele Frequency and Heterozygosity
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0.317

Avg Hetb

Unbiased heterozygosity, which takes into account sex differences within the calculation.
Average heterozygosity is the average of the population heterozygosity across all four populations. The level of insertion polymorphism was determined as low frequency, the absence of the element from all individuals tested,
except one or two heterozygous individuals; intermediate frequency, the Alu element is variable as to its presence or absence in at least one population; and high frequency, the element is present in all individuals in all populations
tested, except for one or two heterozygous or absent individuals.
c
This Alu element is absent from every individual tested in our diverse population panel and is present only in the draft sequence of the human genome, making it a low frequency insertion polymorphism.
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Table 6
Sex-Linked AluYg6 and AluYi6 Insertion Polymorphism, Genotypes, and Heterozygosity
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